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Recent work has shown that relativistic time dilation results in correlations between a particle’s 
internal and external degrees of freedom, leading to decoherence of the latter. In this note, we briefly 
summarize the results and address the comments and concerns that have been raised towards these 
findings. In addition to brief replies to the comments, we provide a pedagogical discussion of some 
of the underlying principles of the work. This note serves to clarify some of the counterintuitive 
aspects arising when the two theories are jointly considered. 


The interplay between quantum theory and general rel¬ 
ativity offers many exciting and novel phenomena. As 
shown in a series of recent works m, time dilation 
causes entanglement between the center of mass of a 
quantum particle and its internal degrees of freedom. 
Conceptually, the effect can be understood as follows: a 
particle (e.g. an atom) is prepared in a state | if) of some 
internal degrees of freedom (e.g. optical energy levels). 
The internal dynamics makes the internal state evolve to 
I ipir)), where r is the proper time along the path of the 
particle. If the particle follows two different paths 71 and 
72 in superposition, as for example in an interferometric 
experiment, the final state is | 71) | tp{Ti)} + | 72)! '0('^2)), 
where ri, T2 are the proper times accumulated along the 
two paths. One consequence is that this effect leads to 
decoherence of the particle’s position, if the internal de¬ 
grees of freedom constitute a sufficiently large “bath” 
[ 3 ]. Related effects have been discussed in the context 
of matter-waves Dll], photons DD and purely grav¬ 
itational interactions [^, and experimentally simulated 
with a BEC [ 7 ]. 

Despite the simplicity of the findings, and the fact that 
they follow from basic principles of quantum theory and 
relativity in a low-energy regime, our results have sparked 
several comments and, in a few cases, some skepticism. 
The objective of this note is to clarify the conceptual 
foundations of the results and to address some potential 
sources of confusion. This note is outlined as follows. In 
the first section we give a brief summary of the results 
of our work [ 3 |. In the second section, we briefly ad¬ 
dress comments on our work: the first comment [S] deals 
with generic features of decoherence due to a finite bath, 
while the other two comments DIlQl purport to show a 
tension between our results and known physics (such as 
the equivalence principle), an incorrect claim rooted in a 
misunderstanding of the underlying physics. In the third 
and last section we give a pedagogical overview of some 
of the concepts of quantum theory and relativity that en¬ 
ter our work, devised as a brief “F.A.Q.” that contains 
answers to frequently asked questions. 


I. TIME DILATION AND QUANTUM 
SUPERPOSITION: BRIEF SUMMARY 

Time dilation can be best understood by considering a 
system acting as an “ideal clock”. In classical mechanics, 
this represents a point-like system, effectively following a 
single world line, with some internal dynamics that mea¬ 
sures the passage of time. Let Treat be the Lagrangian 
describing the internal dynamics in the comoving frame. 
The action of the “ideal clock” is then given by 

5 = y LrestdT, (1) 

where dr is the proper time element and the integral is 
taken over the classical world line of the particle. The 
expression for proper time for a post-Newtonian metric 
to lowest order in 1/c^ is given by 

dr = ^yJ-gfj,ydx^^dx'' « dt ^ -|- , (2) 

where t, x and v = dx/dt are, respectively, the coordinate 
time, position and velocity of the system and $(a;) is the 
gravitational potential. The time measured locally is al¬ 
ways the proper time, but time dilation occurs between 
different world lines if their proper times are different. 
For instructive examples, it is sufficient to consider the 
external dynamics as fixed: the system follows a pre¬ 
assigned world line (or, in the quantum case which is 
discussed below, two or more preassigned world lines in 
superposition) and the internal dynamics evolves accord¬ 
ing to the world line’s proper time. All classical tests of 
time dilation confirm this prediction of relativity. 

In a general scenario, the evolution of the external de¬ 
grees of freedom (i.e. the position of the particle) is not 
pre-assigned and has to be treated dynamically. A use¬ 
ful approach is to derive the classical Hamiltonian corre¬ 
sponding to 0 by a Legendre transformation, although 
general covariance is less transparent in the Hamiltonian 
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formulation. Using the metric ([^, the Hamiltonian is 


H = ifext + Ho 



\ 

2m^c^ / ’ 


( 3 ) 


where Hq and iJext are the internal and external Hamil¬ 
tonians, respectively, and we have separated the constant 
mass contribution mc^ from Hq (see also [ 3 ], methods). 
For a free particle, i?ext = mc^+p^/ 2 m+m^{x) plus rela¬ 
tivistic corrections. Any additional external forces acting 
on the system, such as those required to keep it at some 
height on earth or to perform an interferometric experi¬ 
ment, will contribute to Hext in The additional terms 
that couple Hq to x and p are responsible for time dilation 
and are just a reformulation of eq. ([^. The Hamiltonian 
(§ simply reproduces the effect of time dilation and cap¬ 
tures its parametrization in given coordinates, in partic¬ 
ular, its dependence on the position and velocity. So for 
classical particles, Hamiltonian © captures some of the 

best-tested effects in modern physics. The coupling with 
2 

momentum, —Hq ; is simply the velocity-dependent 
special relativistic time dilation, while the coupling with 
position, is the gravitational redshift. Describ¬ 

ing the dynamics on a fixed background space-time in 
terms of a Hamiltonian is standard procedure and higher 
order relativistic corrections can also be obtained within 
a consistent framework m- 

The Hamiltonian treatment allows one to directly 
study how quantum systems behave in the presence of 
time dilation, by considering the canonically quantized 
dynamics. Instead of considering two test particles, we 
are interested in studying a single test particle that is in 
superposition on different world lines. Note that both, 
time dilation and the superposition principle have been 
extensively studied. What has not been tested yet is the 
combination of the two; this provides one of the main 
motivations for investigating this regime. Using stan¬ 
dard techniques to integrate out the internal degrees of 
freedom, one obtains the equation of motion for the par¬ 
ticle’s center of mass, described by a master equation, 
eq. ( 5 ) in [ 3 ]. This equation predicts the loss of coher¬ 
ence of particles in superposition along different world 
lines. 

For pedagogical purposes, it is instructive to consider 
the superposition of only two, preassigned, world lines, 
which is also the paradigmatic example of a two-way in¬ 
terferometer. One can ask what happens to the coher¬ 
ence of such a superposition when the internal degrees of 
freedom are traced out. The net effect is that the inter¬ 
ferometric visibility, a physical measure of coherence, is 
reduced according to eq. ( 4 ) in [ 5 ]: 


V = 




( 4 ) 


where po is the initial state of the internal degrees of 
freedom and At is the proper time difference between the 
two world lines. This result confirms the loss of coherence 
described by the Master equation. 


For the simple example of a particle (with many in¬ 
ternal degrees of freedom) being stationary but in a su¬ 
perposition of two different heights with height difference 
Ax, the loss of visibility is governed by a Gaussian decay 
with a characteristic decoherence time 


hc^ 

AHogAx' 


( 5 ) 


where AHo = yj(H^) - {Hof is the internal energy vari¬ 
ance. For a thermal state, this is directly proportional 
to the heat capacity. Using the Einstein model to get a 
simple dependence on the amount of internal degrees-of- 
freedom N gives AHq = y/iNksT. 


II. PUBLISHED COMMENTS 

In this section we briefly address the comments on our 
work HHin]- The main concerns are the validity of the 
equivalence principle and whether the formalism we em¬ 
ploy is justified. In short, the equivalence principle is 
fully respected and the effect we describe depends only 
on relativistic time dilation. The framework used is de¬ 
rived from relativistic quantum theory and describes the 
expected and known physics of low-energy systems in the 
presence of relativistic corrections. We stress that our re¬ 
sults are based only on the validity of time dilation and 
low-energy quantum theory, with no assumptions about 
any new physical principles. 


A. Answer to Adler and Bassi. Or on the 
Quantum Poincare Recurrence 

The note by Adler and Bassi [8] agrees with our phys¬ 
ical predictions, but contends that the decoherence in¬ 
duced by time dilation “does not correspond to decoher¬ 
ence in the usual sense” because the “visibility does not 
approach zero for large times”. We note that this is in 
fact a generic and well understood feature of any decoher¬ 
ence model with a bath of finite volume, as also discussed 
in our manuscript. The fact that the visibility does not 
exactly vanish at infinite times is due to revivals of coher¬ 
ence, present in any physical decoherence model with a 
bath of finite volume m- It is of little physical relevance 
for decoherence when the bath is sufficiently large, as the 
sheer amount of degrees of freedom to which the system 
is correlated renders such a revival to be practically un¬ 
observable. In the case of time dilation decoherence, the 
revival time already becomes much longer than the age of 
the universe for /rm-superpositions and just a few dozen 
internal states with equally spaced frequencies. 

The decoherence studied in our manuscript is of the 
same nature as any other decoherence source: It stems 
from correlations with other degrees of freedom which 
are integrated out. In the comment a comparison to col- 
lisional decoherence is made, but even there revivals of 









3 


visibility will occur after sufficiently long times. This fea¬ 
ture only disappears in the mathematical limit of strictly 
infinite volume as is implicitly assumed in [5]. In fact, 
revivals have been confirmed experimentally in various 
setups and also in the context of light-matter interac¬ 
tions [13]. 

Various decoherence models all differ in terms of inter¬ 
actions and physical conditions, which results in differ¬ 
ent parameter and functional dependence of decoherence. 
The essential feature, common to all proposals, is that co¬ 
herence is effectively lost for all practical purposes as a 
result of the process. Loss of coherence is induced by the 
inaccessibility of a vast range of degrees of freedom to 
which the system is correlated, independently of whether 
or not they become spatially separated from the system. 
For example, models of decoherence due to spin baths or 
quantum Brownian motion do not consider the environ¬ 
ment to be far separated from the system. In the limit of 
an infinite local environment, visibility vanishes for large 
times, just like in the infinite-volume limit for collisional 
decoherence. Therefore, time dilation or any other de¬ 
coherence model with a local bath provides decoherence 
in the same way as collisional decoherence. What differs 
between different models of decoherence is the specific 
nature of the coupling. In our case it is proportional to 
internal energy, which causes the non-Markovian behav¬ 
ior and results in Gaussian decay in the specific limit 
discussed in our manuscript. A similar behavior is ob¬ 
served in other non-Markovian decoherence models, such 
as spin decoherence when coupled to the bath operator 


]. This is briefly discussed in sec. IIIL 


The authors also re-derive our results for pure states. 
We highlight that the model studied in the comment is a 
special case of the formulas provided in our manuscript. 
The model considers pure states, as in our previous work 
[Tj which showed periodic loss and revivals of spatial co¬ 
herence (see also sec. Ill I). The novel aspect of the model 
in |S] is that it includes arbitrary number of energy eigen¬ 
states, as opposed to a 2 -level system that we considered 
as an example in [T| . Both are special cases of the generic 
treatment in our present manuscript |3], in particular 
they are contained in equation Also, the formula¬ 
tion of decoherence in terms of the energy variance is 
one of the main results reported in our work, resulting 
in the generic decoherence time ([^. Importantly, our 
results are completely general: contrary to the claim in 
[5], neither the formula Q nor the master equation as¬ 
sume anything about the composition of the system or 
the states and interactions of the internal degrees of free¬ 
dom. This is a direct consequence of the universality of 
time dilation. 


B. Answer to Bonder, Okon, and Sudarski. Or on 
the Consistency of Time Dilation with the 
Equivalence Principle and Quantum Theory 

The comment by Bonder, Okon and Sudarski claims 
that “there must be something wrong with the results 
of [our] article”, arguing that our approach violates the 
equivalence principle and contradicts Bargmann’s super¬ 
selection rule. The former claim is incorrect and the lat¬ 
ter does not apply to our work: the result of Bargmann 
holds for Galilei-invariant Hamiltonians, which is clearly 
not the case we consider. Below we clarify the basic as¬ 
pects of classical relativity and quantum theory, related 
to the the mistakes in [9|. 

i) The authors claim that our results are wrong “in 
the view of the equivalence principle” and that in a uni¬ 
formly accelerated frame “there is no possibility for the 
claimed decoherence to occur, as there is simply noth¬ 
ing to attribute it to”. The decoherence studied in our 
work is attributed to time dilation - which does not con¬ 
tradict the equivalence principle. On the contrary, the 
equivalence principle sates that homogenous gravity and 
uniform acceleration are fully equivalent (as they are de¬ 
scribed locally by the same metric). They result in the 
same time dilation, and thus the same decoherence. For 
any experimental scenario, one can compute the time di¬ 
lation along the superposed world lines to estimate the 
effect, as is clear from eq. The Hamiltonian derived 
is a consequence of the dependence of proper time on the 
particle’s position and velocity. In our manuscript [3] we 
discuss an example of a system in superposition between 
two fixed heights above earth, but the treatment is fully 
generic. The comment invokes a different example 
where the superposed world lines are in free fall and “an 
accelerated observer in a gravity-free region of space stud¬ 
ies such a delocalized system”. In sec. |HIB| we solve an 
elementary exercise showing that even in this case, con¬ 
trary to the authors’ conclusions, an accelerated observer 
will measure time dilation and thus also decoherence. 

ii) The authors further observe that systems in the 
presence of gravity will fall unless they are trapped and 
conclude that if the system is kept at a fixed height then 
“it is clear that [the] result will depend on the exact na¬ 
ture of the interaction between the system and the exter¬ 
nal device and that it has nothing to do with gravity”. In 
all experiments that measure gravitational time dilation 
the clocks have to be kept at a fixed position. Contrary 
to the authors’ claim, time dilation is not caused by and 
does not depend on the exact nature of the trapping po¬ 
tential necessary to keep the clocks at fixed positions. 
Quite the opposite: different trapping potentials will re¬ 
sult in the same measured time dilation if they keep the 
system at the same height, a key principle of relativity. 
The force necessary to perform the experiment is explic¬ 
itly taken into account in the master equation, eqs. (5) 
and (6) in the manuscript |5|. Note, however, that it is 
also possible to find mass configurations that will result 
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in a gravitational potential difference between the loca¬ 
tions of the amplitudes, but without any gravitational 
force m- In such a case there will be time dilation ~ 
and thus decoherence - without any force (gravitational 
or non-gravitational) acting on the system. It has also 
been recently shown by Gooding and Unruh [6] that time 
dilation can cause decoherence in the absence of any in¬ 
teraction other than gravity. 

Regarding the role of gravity, decoherence due to grav¬ 
itational time dilation can be considered a gravitational 
effect in precisely the same sense as gravitational time 
dilation from which it originates, see sec. InTF] 

iii) The authors worry that “the system’s internal en¬ 
ergy contributes to its effective mass [which] can have 
more than one value. (...) however, due to Bargmann’s 
super-selection rule, ordinary nonrelativistic quantum 
mechanics cannot deal with such situations”. The au¬ 
thors equate the use of a Hamiltonian to describe the 
dynamics with “ordinary nonrelativistic quantum me¬ 
chanics” . However, the Hamiltonian we use is derived 
from the framework of relativistic quantum mechanics 
[El HU and contains relativistic corrections. It is the 
time-like component of the relativistic momentum four- 
vector and describes a particle on a Lorentzian space- 
time manifold. We are describing relativistic quantum 
mechanics in first quantization, where high-energy quan¬ 
tum held effects are negligible but where other relativis¬ 
tic effects still play a role. The Hamiltonian treatment 
is standard to describe relativistic corrections to single 
particles HH HD. Bargmann’s result has no relevance 
for our work, it says that superpositions of solutions 
to a non-relativistic Schrodinger equation with different 
masses are not invariant under the Galilei group, and 
therefore unphysical in a Galilei-invariant theory in Eu¬ 
clidean space-time. No analogous result holds for rel¬ 
ativistic quantum theory [18) . Thus there is no mass- 
superselection rule when going beyon d the Galilei group, 
as in our wor - see also sec. IlII Hi Note that the con¬ 
tributions of internal energy to the mass have also been 
previously considered for the case of a spin 1/2 particle 
using the Dirac equation in curved space-time m- 
Importantly, atoms can very well deal with superposi¬ 
tions of internal energies contributing to their mass - as 
conhrmed by 60 years of experiments in atomic physics. 
In particular, atomic clocks are precisely based on such 
superpositions and were recently utilized to measure time 
dilation in the group of D. Wineland [5D]- If internal 
energy did not contribute to the mass for a superposi¬ 
tion state, as the comment claims [5], then atomic clocks 
would not be affected by time dilation, contrary to what 
is observed. Our treatment describes precisely situations 
such as in m, where quantum held theory effects can 


^ Coincidentally, the mass superselection is actually satisfied in our 
specific example of a thermal internal state - it is an incoherent 
mixture of states with different mass-energies, and thus also not 
excluded by the mass-superselection rule. 


be neglected, but where relativistic corrections from the 
background space-time have to be included. (It is, never¬ 
theless, possible to formulate a held theory model giving 
the same results in the here considered regime, see meth¬ 
ods in 0). 

iv) The authors write that decoherence cannot explain 
the quantum-to-classical transition, since a subsystem is 
just a part of a larger, pure system, and thus consti¬ 
tutes an “improper mixture”. While it is entirely correct 
that we consider subsystems of larger, pure systems, this 
is always the case within the held of decoherence and 
has no relevance for the inability to observe quantum co¬ 
herence within the subsystem. When the subsystem is 
correlated with a large, effectively inaccessible environ¬ 
ment, its coherence is for all practical purposes lost, see 
also sec. |HIM[ For the study of how coherence of one 
subsystem is affected by correlations with another, only 
the reduced density matrix is relevant and not whether 
it stems from a proper or improper mixture. Our results 
do not hinge on an alleged physical difference between 
“proper” and “improper mixtures”, which lies outside of 
quantum theory and the scope of our work. 


C. Answer to Diosi. Or the Coordinate Invariance 
of Time Dilation Decoherence 

Diosi m, while agreeing that a spatial superposition 
will decohere in a gravitational held, hnds “paradoxical” 
a reference-frame dependence of the effect and attempts 
to explain it as a signature of the ambiguity of the no¬ 
tion of center of mass. The apparent paradox, however, 
originate from a conceptual oversight. Rather than de¬ 
scribing one and the same experiment from different ref¬ 
erence frames, the author computes the effect for two 
physically distinct scenarios: equal-time measurements 
in an accelerated frame are compared with equal-time 
measurements in a free-falling one. These are different 
experiments and will not yield the same results, in ac¬ 
cordance with the predictions of relativity and our work. 
Although not quite related with the rest of the argu¬ 
ment, the “paradoxical frame-dependence” is presented 
as an apparent tension with the equivalence principle. 
One should recall that the equivalence principle equates 
gravity with inertial effects in an accelerating frame; it 
does not imply equivalence of experiments in free-falling 
and accelerating frames, which would contradict basic 
physics. Being a direct consequence of relativity, deco¬ 
herence due to time dilation is fully consistent with the 
equivalence principle, as also discussed in sec. [HTE] 

When changing reference frames to describe one and 
the same experiment, two distant locations measured at 
an equal time in an accelerated reference frame appear 
as measured at different times in a free-falling frame, ow¬ 
ing to the relativity of simultaneity. This is crucial when 
considering a particle in superposition of different loca¬ 
tions from the point of view of different frames. The 
coordinate-invariant expression Q shows that the results 
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of one and the same experiment are indeed reference- 
frame independent, as they should be. The description 
of the same experiment from the point of view of different 
observers is clarified in sec. ElBl 

In an attempt to “explain the paradox”, it is pointed 
out in the comment |10j that accelerated and inertial 
observers assign momenta to the particle that differ by 
(m + Ho/c^'j V to leading order, where v = gt is the rel¬ 
ative velocity and g is the acceleration. We remark that 
this is a direct consequence of the mass-energy equiv¬ 
alence: the canonical momentum includes not only the 
rest mass, but the total rest energy, including the inter¬ 
nal energy Hq. In cni, this is interpreted as an indi¬ 
cation that “the centre of mass canonical subsystem is 
ambiguous”. While it is generally true that the center 
of mass is not uniquely defined in extended relativistic 
systems |2Ij . our entire analysis is in the limit where the 
extension of the system is negligible, as discussed in the 
methods section of [3]. No issues related to the definition 
of the relativistic center of mass arise in this limit, as a 
single coordinate is assigned to the whole particle, and 
this is quite unrelated with the transformation properties 
of momentum. What is relevant is the spatial superpo¬ 
sition of the center of mass, but this does not affect the 
dehnition of the center of mass itself. 

In conclusion, it is perhaps not unjustified to dub time- 
dilation decoherence “paradoxical”. After all, the under¬ 
lying physical effect - time dilation - is the same re¬ 
sponsible for the famous “twin paradox” and shares sim¬ 
ilar counterintuitive features. With respect to reference 
frame dependence, we hope to have clarified that the ob¬ 
served effects do depend on what is measured and how 
it is measured, but not on the reference frame used to 
describe the measurement. 


III. F.A.Q. 

In this section we clarify some of the basic concepts be¬ 
hind our works m- The selection of topics is based on 
the above comments and also on questions that have been 
raised in private communications and on conferences. 


A. Is the measurement of coherence reference 
frame dependent? 


meaningful statement about the total proper time. De¬ 
coherence does not depend on the reference frame but on 
the proper time difference between the amplitudes. Es¬ 
timating the decoherence for various physical scenarios 
thus reduces to an exercise in classical relativity, com¬ 
puting the proper times along each interferometric path. 
The example considered in our work was a particle in 
superposition of being at two different, hxed heights [3]. 
A different example is considered in the next section. 


B. Does a free-falling particle decohere? 


Decoherence depends only on the overall time dilation 
between the superposed amplitudes. One can consider an 
experiment performed in a uniformly accelerated labora¬ 
tory, but with the particle in free fall in superposition of 
different amplitudes (as in nni). For simplicity, we con¬ 
sider here a laboratory accelerating in flat space-time, 
instead of one fixed above earth (the results coincide to 
leading order, in accordance with the equivalence princi¬ 
ple) . A particle is prepared at time t = 0 in superposition 
of two different heights, xi and X 2 - We assume that the 
spread of each wavepacket around each point is negligible 
and that no additional force is acting on the particle, so 
each wavepacket will follow a classical free-falling trajec¬ 
tory, see fig. In order to estimate the coherence after 



(b) 




FIG. 1. Two free-falling world lines as seen from the labo¬ 
ratory frame (a) and from a free-falling frame (b). The two 
world lines end on an equal-time plane in the laboratory frame 
(dashed lines), which appear as different times in the free- 
falling plane. The proper time difference between the world 
lines does not depend on the reference frame. 


No. The coherence of a system is an observable quan¬ 
tity with a physical meaning within an experimental 
setup (such as a Mach-Zehnder interferometer). For any 
specified experiment, the observed coherence will not de¬ 
pend on the reference frame, as guaranteed by the co¬ 
ordinate invariance of action 0 from which the effect 
is derived. For the case of two superposed world lines, 
decoherence only depends on the proper time difference 
between them, eq. 0 , which is independent of the ref¬ 
erence frame used to estimate it. The initial and final 
points of each world line have to be specihed to make any 


some time tf, we can rely on eq. 0 and have to calculate 
the proper time along the two world lines. Notice that 
this is an exercise in classical relativity for which quan¬ 
tum mechanics plays no particular role: we can as well 
consider the proper time of two classical clocks following 
the two said world lines. It is convenient to introduce 
inertial coordinates: 

c , / cT \ 

t=- arctanh —-, 

g \X + cygJ’ (6) 

X = ^/{X + (? jgY — 
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where X, T are Minkowski coordinates and a;, t Rindler 
coordinates [22]. The two free-falling world lines are 
parameterized by Minkowski time T and have constant 
Minkowski positions Xi, X 2 , respectively (note that 
X = X ioT t = T = 0, so Xj = Xj, j = 1, 2), with proper 
time equal to Minkowski coordinate time. Importantly, 
since we are seeking the proper time difference for equal 
final Rindler time, the two world lines have different final 
Minkowski times (see fig. yielding the proper time 
difference 


cAr = Aa;tanh((jit//c) 


= Ax 


gtflc + 0{gtffc)^ , 


(7) 


with Aa; = a :2 — a;i. Thus, for an accelerating observer 
the free-falling superposition appears to decohere. When 
looking at the same experiment from the point of view of 
a freely falling observer, the same proper time difference 
and thus the same loss of visibility is attributed. But in 
the free-falling reference frame the experiment considered 
does not test coherence at a given time, rather the two 
amplitudes appear to be measured at different times. 

One can also ask whether decoherence is observed for 
measurements that are synchronous in the free-falling 
frame. This is a different experiment and there is no 
reason to expect the same result as before. Clearly, for 
particles at rest in flat space-time and measured at equal 
times in Minkowski coordinates, no proper time differ¬ 
ence and thus no decoherence is observed. However, one 
should not be led to conclude that no decoherence (or, 
equivalently, no time dilation) can be ever observed for 
systems in free fall (as should also be clear from the ex¬ 
ercise above). In a recent work [6|, Gooding and Unruh 
have shown that the effect discussed here can provide 
decoherence in systems that are only subject to gravity 
(and thus are, by definition, in free fall). 

Note that the above example of a free-falling parti¬ 
cle, which is the one referred to in the comments liiini, 
is not the example considered in our works m , in 
which it is assumed that the particle is held in super¬ 
position at fixed heights. For a particle in superposition 
at fixed heights in Rindler coordinates, and measured at 
equal Rindler times, one finds the proper time difference 
At = gAxt^/c^ confirming that decoherence will occur 
in this scenario. One can again ask whether decoherence 
is observed when the same accelerating particle is mea¬ 
sured at equal times in a free-falling frame. We leave this 
as an exercise for the interested reader. 

In the examples above the two world lines do not meet. 
It might perhaps be unclear how to assign a physical 
meaning to a measurement of coherence performed on 
distant wave packets. Typically, coherence is measured 
in interferometric experiments, in which the wave packets 
have to be overlapped on, say, a beam-splitter. This case 
is the one considered in our works the superposed 

paths have common initial and final points (which may 
correspond to the first and second beam-splitter, or the 
source and detection points on a screen in a double-slit 


experiment). No arbitrariness in the choice of measure¬ 
ment space-like planes arises in this case. 


C. Is the interaction Hamiltonian between internal 
and external degrees of freedom coordinate 
dependent? 

Yes, this should not be surprising as a Hamiltonian is 
defined with respect to a given slicing of space-time in 
equal-time surfaces and so it is a coordinate-dependent 
object. The covariance of the effect is guaranteed by 
the fact that the Hamiltonian is obtained via Legendre 
transform from the action Q, which is manifestly coor¬ 
dinate independent. For any given experiment, different 
observers will predict the same results, although they will 
in general use different Hamiltonians. 

It can be useful to see explicitly how the interaction 
terms change when changing reference frame. A simple 
way to do this is to recall that the Hamiltonian is the 0- 
th component of the 4-momentum. The relation between 
4-momentum and rest energy is, in arbitrary coordinates, 

= -{me + Ho/cf, ( 8 ) 

with the signature (—h-l—b) for the metric (see |3]). The 
Hamiltonian in the given reference frame is then obtained 
by solving for pq, which provides H = epo as a function 
of Hq, pj and x^ (through the position-dependent met¬ 
ric g^v)- The effective coupling between Hq and pj and 
x^ are then obtained by perturbative expansior0 Thus, 
the metric is all that is needed to know the form of the 
interaction Hint in the given coordinates. 

The coupling between position and internal energy in 
eq. (1^ arises from the expansion of goo{x) ~ ~(1 + 
2gx/?), where g is earth’s gravitational acceleration. 
In a free-falling frame, this coupling disappears, leaving 
only the coupling with momentum. As a result, inter¬ 
nal and external degrees of freedom will develop a differ¬ 
ent amount of entanglement in different reference frames, 
which brings us to the next question. 


D. Does the entanglement between internal and 
external degrees of freedom depend on the reference 
frame? 

Yes. As observed in sec. jlH^ different observers use 
different interaction Hamiltonians and thus will observe 
different amounts of correlations (and in different bases) 
between internal and external degrees of freedom. The 


^ In the quantization of higher order terms, an ambiguity arises 
in the ordering of position and momentum operators. A defini¬ 
tion of the Hamiltonian at arbitrary orders can be obtained by 
expanding the Klein-Gordon equation in curved space-time cor¬ 
responding to eq. § to obtain a Schrddinger-like equation with 
relativistic corrections m 
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key observation here is that a quantum state is defined at 
a given time on a given space-like surface. The state of 
a system “at time t" depends on whose time t is consid¬ 
ered. As soon as the described wave-packet has a non- 
negligible spatial extension, different observers will use 
different planes of simultaneity and thus will assign dif¬ 
ferent states, simply because they are describing different 
physical situations. Given a particle in superposition at 
points Xi, X 2 , a measurement of entanglement at a given 
time for observer A will, for observer B, appear as a mea¬ 
surement in which the two points are probed at different 
times, as discussed in detail in sec. |III B[ Thus the same 
measurement will not be interpreted by B as a measure 
of the entanglement of the state. Even though the def¬ 
inition of state, and thus the amount of entanglement, 
depends on the reference frame, different observers agree 
on the outcome of any measurement and in particular on 
the visibility of any interferometric experiment, which 
only depends on the proper time difference, eq. 


E. Are the Predictions Consistent with the 
Equivalence Principle? 

Yes. Since the predictions are a direct consequence 
of relativistic time dilation, they automatically satisfy 
the equivalence principle, which requires that uniformly 
accelerated reference frames are physically equivalent to 
those stationary in a homogeneous gravitational field. In 
particular, all results derived for accelerated observers 
are equivalent to those derived for stationary observers 
on earth in the homogeneous field limit. 

Moreover, one can easily see that the weak equivalence 
principle - requiring that weight and inertia are equal - 
is satisfied by the Hamiltonian (§. The total rest en¬ 
ergy mc^ + Hq gives both: inertia and weight. In par¬ 
ticular, for the leading-order terms in the Hamiltonian 
([^, we can see that the gravitational potential energy 
is (m -I- Hq/ c^)(f>(x) (where m4){x) is included in Bgxt), 
which corresponds to a total weight m+Ho/c^. Likewise, 
inertia is determined from the kinetic energy term: the 

non-relativistic term p^/ 2 m together with the momen- 
2 

turn coupling —Hq 2^2 ^2 is simply the first-order expan- 
2 

sion of 2 {m+Ho/c^) ’ means that inertia is also equal 

to m + Ho/c^. Possible violations of the equivalence prin¬ 
ciple, which would indicate new physics, are discussed in 

ref. P5] . 


F. As the effect does not depend on curvature, 
how can it be related to gravity? 

As is clear from eq. Q , the decoherence effect depends 
on proper time and thus on the metric, not on curvature. 
A typical example of time dilation is one in which two 
clocks are held at fixed heights above earth. This effect 
is invariably referred to as ^‘’gravitational time dilation”. 


Similarly, the change in frequency as a light beam trav¬ 
els away from the earth’s surface is commonly known 
as “gravitational redshift”. Such effects depend on the 
goo component of the metric and not on curvature. In a 
first-order approximation, 500 ~ — (l -b 2(/)(a;)/c^), where 
(/)(x) is identified with Newton’s potential. In the same 
way, the decoherence of a particle held in superposition 
at two heights above earth depends on goo and is as much 
related to gravity as gravitational time dilation or red- 
shift. Note that gravity is not necessary for time dila¬ 
tion: a difference in velocities between superposed paths 
will also lead to time dilation and thus decoherence. De¬ 
coherence due to gravitational time dilation is simply a 
special case of decoherence due to time dilation. It is 
of course legitimate to consider only curvature-related 
effects as gravitational. Accordingly, gravitational red- 
shift, gravitational time dilation, falling apples, and also 
decoherence due to time dilation should not be under¬ 
stood as related to gravity. It should be clear that this is 
rather a semantic issue that does not affect the physical 
predictions. 


G. Is it consistent to treat relativistic quantum 
effects without using quantum field theory? 

Any physical model, at least any known to date, has 
a limited range of applicability. For example, quantum 
field theory in curved space-time cannot describe the 
back-action of mass-energy on space-time at arbitrary 
energy scales. In our work, we considered low-energy 
quantum systems such as atoms, molecules, nanospheres, 
etc., in a regime in which high-energy quantum field ef¬ 
fects, such as particle creation/annihilation, can be ne¬ 
glected. This regime can be well approximated by rel¬ 
ativistic quantum mechanics in first quantization. Al¬ 
though it has a limited range of applicability, relativis¬ 
tic quantum mechanics is a well-understood framework 
that yields powerful predictions, such as corrections to 
atomic spectra HZHH]. General relativistic effects can 
also be included in a first-quantization treatment, for 
example by including corrections to the non-relativistic 
Schrodinger equation m- The novelty of our analysis 
is to consider the effects arising from the internal struc¬ 
ture of the quantum particle, which can be incorporated 
in the Klein-Gordon equation by adding the internal en¬ 
ergy contribution to the mass. 

Of course, it should also be possible to derive the same 
effects within the framework of quantum field theory in 
curved space time. An example of such a derivation, 
based on a simple model, was presented in the methods 
section of our work [3] . 






H. How can the mass-energy equivalence and the 
superposition principle be reconciled with the mass 
superselection rule? 


They do not have to be reconciled - they belong to 
different physical theories (similarly, one does not need 
to reconcile the notion of absolute time in Galilean me¬ 
chanics with relativistic time dilation). The mass super¬ 
selection rule is a result in non-relativistic quantum me¬ 
chanics. It originates from the non-commutativity of the 
generators of the boost and translation in the Lie alge¬ 
bra of the representation of the Galilei group on the space 
of solutions to the non-relativistic Schrodinger equation. 
Specifically, in one space dimension, the Galilei boost 
generator is K = mX — Pt, where X,P are the posi¬ 
tion and momentum, respectively, and m is the mass of 
the particle; the generator of translations is P. Thus, 
[K, P] = ihm, whereas in the Lie algebra of the Galilei 
group itself these generators commute. Such a represen¬ 
tation is called projective and results here in an addi¬ 
tional phase factor proportional to the mass, which in 
turn leads to the mass-superselection rule: denote by 
g and g' the Galilei group elements of a spatial trans¬ 
lation by a and a boost by v, respectively. They sat¬ 
isfy g'~^g~^g'g = 1 (identity element of the Galilei 
group). However, their representations as operators on 
the Hilbert space, Ug = and Ug' = sat¬ 
isfy UgMjg^Ug'Ug = Applying this sequence 

to a superposition of states characterized by different 
masses m and m! results in a relative phase )/^ 

and therefore a different physical state, unless m = m'. 
However, this operation should represent identity of the 
Galilei group and cannot alter physical states. Hence a 
superposition of states with m ^ m! is considered un¬ 
physical in a Galilei invariant theory and is thus “forbid¬ 
den” - this is the original argument of Bargmann behind 
the superselection rule for the mass. In contrast, rep¬ 
resentations of the Poincare group in relativistic quan¬ 
tum theory have the same Lie algebra as the group itself 
and thus they are unitary - i.e. not projective - repre¬ 
sentations of the Poincare group. In particular, there is 
no superselection rule for the mass in relativistic quan¬ 
tum mechanics [H]. So if one does not insist on Galilei 
invariance, superpositions of states with different mass- 
energies are not “forbidden”. (This can also be under¬ 
stood by simply recalling that relativistic quantum me¬ 
chanics has to incorporate both: mass-energy equivalence 
of relativity and the superposition principle of quantum 
theory. As a result superpositions of internal energies 
must contribute to the mass in precisely the same way as 
the eigenstates alone.) 


I. What happens to particles with few internal 
degrees of freedom? 

In our previous works mm, we studied pure inter¬ 
nal states which evolve between mutually distinguishable 


states. In particular, as a specific example in [T] we con¬ 
sidered a two-level internal state | ■)/’) = (I e) -I- | 5 )), 
which causes periodic loss and revivals of coherence of 
the spatial degrees of freedom: 


V = 



(9) 


where oj is the transition frequency between the internal 
ground | g) and excited | e) states. The above result can 
also be derived directly from eq. For the example of 
fixed vertical separation Ax in the homogeneous gravi¬ 
tational field g kept for (laboratory) time t, the proper 
time difference is At = gAxtjc?. 

In a recent experiment, the above predictions have 
been simulated in a BEG interference setup in the pres¬ 
ence of inhomogeneous magnetic fields [7] . 


J. In what sense is the effect universal? 

The coupling of position and momentum with the in¬ 
ternal energy iLo, eq. ([^, does not depend on the na¬ 
ture of the binding energies and interactions that define 
iLo, which can describe any internal dynamics. This is 
because the coupling is a consequence of time dilation, 
which does not depend on the construction of the clock 
used to measure time. Therefore, decoherence due to 
time dilation is as universal as time dilation itself and 
affects any composite quantum system. 


K. Is coherence not going to be restored after the 
beams are brought back together? 


Goherence depends on the total elapsed proper time 
of each of the interfering amplitudes. Coherence can be 
predicted once an experimental setup is fully specified, 
i.e. the time between preparation and measurement of 
a superposition, as well as the heights and velocities of 
each interfering amplitude, such that the total proper 
times can be computed (see also sec. HIB). The coher¬ 


ence will of course change if the experiment is changed. 
For example, if a setup is prepared in such a way that in 
the end no time dilation occurs, then no decoherence due 
to time dilation will take place (for example, by cancel¬ 
ing the difference in proper time from the gravitational 
field by appropriately changing the velocities). All this 
is described by eq. Q, and also equivalently by the full 
master equation in [^. Needless to say, the reduced state 
of the system still takes into account how the bath dy¬ 
namically affects the coherence. An example of this is 
eq. where the coherence changes periodically as the 
internal two-level system periodically evolves from identi¬ 
cal to orthogonal states along the two superposed paths. 

Another possible source of confusion, which might lead 
to the intuition that coherence is always going to be re¬ 
stored when the superposed paths are brought together, 
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comes from the example of a charged particle in an inter¬ 
ferometer. In the middle of the interferometer, the parti¬ 
cle is in superposition of different positions and, for each 
position, it produces a different electric field. Thus, “on 
the fly”, the position of the particle is entangled with the 
field and so appears “decohered” when the field is traced 
out. However, when the different amplitudes interfere, 
the particle is again in a single place and the entangle¬ 
ment with the field disappears |25j . 

For a particle generating a Newtonian potential, the 
situation would be the same. However, the effect we de¬ 
scribe is not related to the gravitational field of the parti¬ 
cle itself: decoherence depends on the proper time differ¬ 
ence accumulated by the different amplitudes in super¬ 
position, see eq. Such a proper time difference does 
not have to vanish for two paths with the same starting 
and end points, as experiments confirm [26]. For a par¬ 
ticle following trajectories with a sufficient proper time 
difference coherence is not restored and a net visibility 
loss will be observed. 


L. Why does the decoherence follow a Gaussian 
decay and not the usual exponential decay? 

This is a direct consequence of the specific interaction 
Hamiltonian, eq. (|^. In all models of decoherence, the 
system degrees of freedom couple to some degrees of free¬ 
dom of the bath with an interaction Hamiltonian Hint- 
The equation of motion for the system of interest, in the 
interaction picture and Born approximation, is 

1 

Ps(t) = / dt'TYB [Hint{t), [Hint{t'), Ps{t') 0 Pb\] 

( 10 ) 

where the trace is taken over all bath degrees of free¬ 
dom. Writing the interaction Hamiltonian as Hint ex 
S ® B for some system operator S and bath operator 
H, the relevant quantities in the above equation are the 
bath auto-correlation functions in the interaction picture, 
= Trs [B(t)B{t')pB\- In many models of de¬ 
coherence, these decay very rapidly such that one can 
approximate {B{t)B{t')) oc 5{t — t'). For example, in 
quantum Brownian motion m one has B = 
i.e. coupling to the positions of the bath degrees of free¬ 
dom with coupling strengths a^, which yields in the high 
temperature limit {B{t)B{t')) « Am'ykBTS{t — t'), where 
m is the mass, T the temperature and 7 the damping 
coefficient of the system. 

In contrast, time dilation causes a coupling to the inter¬ 
nal energy of the system, B = Hq- Thus the bath auto¬ 
correlation functions in the interaction picture remain 
constant {B{t)B{t')) = (^{Hq — where Hq = {Hq) 

is the mean internal energy (see also methods in 0 )- 
This decoherence is therefore in the exact opposite limit 
than the Markovian models. A few other models are of 
this form, as for example the one by Cucchietti, Paz and 
Zurek m in which a spin couples to the bath spin oper¬ 


ators B = ^ , and which also results in a Gaussian 

decay of coherence. 

M. Does decoherence explain classicality? 

The so-called transition to classicality is a debated is¬ 
sue in the philosophy and foundations of quantum me¬ 
chanics jlHl [33] . One of the sources of controversy is the 
very definition of classicality and in which sense the tran¬ 
sition is to be understood. One can restrict the discussion 
to practical questions of why effects such as quantum in¬ 
terference m or violations of Bell inequalities m are 
not observed on everyday scales. Decoherence explains 
this fact by considering interactions with an environment 
which causes a suppression of coherence in a so-called 
“pointer basis”, such that typical quantum effects cannot 
be observed. This follows directly from quantum theory 
and the study of open quantum systems. 

A further problem often associated with the quantum- 
to-classical transition is the so-called measurement prob¬ 
lem: the questions why a specific outcome of a quan¬ 
tum measurement occurs and what constitutes a mea¬ 
surement. As an inherently probabilistic theory, quan¬ 
tum mechanics does not provide any means to explain 
the occurrence of specific outcomes beyond predicting the 
probability with which they occur. In fact, any theory 
providing better predictability than quantum mechan¬ 
ics would have to be non-local [32] and contextual [33] . 
Thus, quantum theory or decoherence cannot answer this 
aspect of the measurement problem. The study of what 
exactly constitutes a measurement is not addressed by 
decoherence and is beyond the scope of our work. 


N. Is the effect described equivalent or related to 

Penrose’s gravitationally-induced collapse of the 
wave function? 

No. The suggestion of Penrose [34] is based on an in¬ 
herent modification of quantum theory. It is argued that 
the superposition principle breaks down if the systems 
reach a sufficient size. The philosophical motivation for 
this suggestion is the consideration of superpositions of 
different metrics. However, the gravitationally-induced 
collapse of the wave function does not follow from quan¬ 
tum theory and is a speculative modification thereof. In 
contrast, our result stems fully from within quantum the¬ 
ory. The dynamics we consider is unitary for the total 
system - the decoherence takes place due to correlations 
with an environment (the internal degrees of freedom of 
the particle), which are induced by time dilation. 
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